cantly abrogated COX-2 induction and PGE 2 production by LL-37 (p ! 0.01). LL-37 upregulated COX-2 expression and PGE 2 synthesis via activation of extracellular signal-regulated kinase (ERK) and p46 c-Jun N-terminal kinase (JNK), while interleukin-1 ␤ did so via nuclear factor-B and all three mitogen-activated protein kinases. In summary, LL-37 can control arachidonic acid metabolism by induction of COX-2 expression and PGE 2 synthesis via the P2X 7 receptor, ERK, and p46 JNK. The pro-inflammatory effects of LL-37 may be essential for initiating oral mucosal inflammation in periodontal disease.
Introduction
The oral cavity is a unique environment, in which antimicrobial peptides may play a key role in maintaining the balance between health and disease [1] . Major antimicrobial peptides, which are important defense molecules in innate immunity, consist of members of the cathelici-din and defensin families [2] . The only member of the cathelicidin family found in humans is human cationic antimicrobial peptide-18 (hCAP-18), which is stored in the secondary granules of neutrophils as an inactive precursor [3] . Moreover, hCAP-18 is expressed in the epithelium of the tongue, esophagus, cervix, and vagina [4] . The levels of LL-37, derived from hCAP-18 by proteolytic cleavage, are also detectable in saliva [5] and gingival crevicular fluid (GCF) [6] . Furthermore, findings from some in vivo studies have demonstrated that LL-37 is usually associated with periodontal disease, a common oral inflammatory disorder [7] [8] [9] . For example, the levels of mRNA expression coding for hCAP-18 in tissue samples with chronic periodontitis appear to be upregulated compared with healthy control tissue [8] . Likewise, the levels of LL-37 are elevated in GCF of patients with chronic periodontitis [6, 9] . Inflammation is known to play a crucial role in the pathogenesis of periodontal disease, particularly the release of potent mediators of inflammation, such as pro-inflammatory cytokines and prostaglandins (PGs), which are derivatives of arachidonic acid metabolism [10] .
PGs are bioactive prostanoids and play important roles in regulating diverse cellular functions under physiological and pathological conditions [11, 12] . Two major steps for PG biosynthesis include the release of arachidonic acid from membrane phospholipids by phospholipases and the conversion of arachidonic acid to PGH 2 by cyclooxygenase (COX). There are two major isozymes of COX: COX-1 and COX-2. COX-1 is constitutively expressed in many tissues, whereas COX-2 is induced by a variety of pro-inflammatory agents [13] . PGE 2 , a main product derived from COX-2 induction, is a potent mediator of inflammation and associated with periodontal disease [14] . In human gingival fibroblasts (HGFs), PGE 2 production is induced by interleukin (IL)-1 ␤ [15] and lipopolysaccharides [13] via COX-2 upregulation.
Moreover, we previously reported that, among three human ␤ -defensins (hBDs) that are expressed in the oral cavity [16] , only hBD-3 can induce COX-2 mRNA and protein expression, resulting in elevated PGE 2 production in HGFs [17] . Although LL-37 was reported to upregulate the expression of COX-2 and inhibitor of apoptosis-2, implicated in the COX-2/PGE 2 anti-apoptotic pathway in skin keratinocytes [18] , it is still unknown whether LL-37 can activate COX-2 expression in HGFs. Furthermore, it would be interesting to further investigate the relevant receptor and the signaling pathway(s) mediating COX-2 and PGE 2 induction by LL-37 treatment in comparison to IL-1 ␤ treatment, as a positive control. In this study, we, therefore, aimed to study the proinflammatory effects as well as the relevant receptor and the signaling pathways of LL-37 on COX-2 expression and PGE 2 production in HGFs.
Materials and Methods
Reagents and Antibodies LL-37 peptide (LLGDFFRKSKEKIGKEFKRIVQRIKDFLR-NLVPRTES) was synthesized by Fmoc (fluoren-9-ylmethoxycarbonyl) chemistry using a MilliGen 9050 peptide synthesizer (MilliGen/Biosearch, Bedford, Mass., USA), as described previously [19] . Peptides were purified by preparative RP-HPLC. The purity of the peptides was at least 95% and the authenticity of the peptides was confirmed by a Microflex LRF matrix-assisted laser desorption/ionization time-of-flight mass spectrometer equipped with an additional gridless reflectron (Bruker Daltonik, Bremen, Germany). IL-1 ␤ was obtained from R&D Systems, Inc., Minneapolis, Minn., USA. A specific p38 mitogen-activated protein kinase (MAPK) inhibitor (SB203580), a specific c-Jun N-terminal kinase (JNK) inhibitor (SP600125), a highly selective MAPK kinase (MEK1/2) inhibitor (U0126), a nuclear factor (NF)-B inhibitor (MG132), a broad-spectrum antagonist of P2 purinergic receptors (suramin), and the suramin analog (NF279) were purchased from Calbiochem, Darmstadt, Germany. A specific inhibitor of COX-2 activity (NS-398) was obtained from Cayman Chemical, Ann Arbor, Mich., USA. All reagents were dissolved in dimethyl sulfoxide (DMSO), whose final concentration was ! 0.1% (vol/vol).
The polyclonal antibodies against human COX-1, COX-2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and the monoclonal antibodies against the p50 and p65 subunits of NF-B were purchased from Santa Cruz Biotechnology, Santa Cruz, Calif., USA. The polyclonal antibodies against each MAPK and its phosphorylated form were purchased from Cell Signaling Technology, Danvers, Mass., USA. The neutralizing rabbit polyclonal antibody (IgG) that binds to the extracellular portion of the P2X 7 receptor to inhibit activation was obtained from Alomone Laboratories (Jerusalem, Israel). The rabbit polyclonal antibody (IgG) to the P2X 4 receptor (Santa Cruz Biotechnology) was used as a negative control.
Cell Culture
HGFs were isolated from gingival biopsies overlying impacted third molars, which were collected from patients (n = 4) after obtaining written informed consent, as described previously [20] . The research design was approved by the Human Experimentation Committee (No. 33/2010), Faculty of Dentistry, Chiang Mai University. Briefly, the gingival biopsies, vigorously shaken in transport medium containing antibiotic and antifungal agents, were cut into small pieces 2 mm wide and 2 mm long. The biopsies were placed on a 60-mm culture dish (Nunc, Roskilde, Denmark) and cultured in Dulbecco's modified Eagle's medium (Invitrogen, Grand Island, N.Y., USA), containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Invitrogen), until a sufficient number of HGFs had been obtained from the biopsies. HGFs were then trypsinized, and their number was expanded for subsequent experiments. For cell treatment, HGFs were starved from FBS for 6 h prior to treatment with non-toxic doses of LL-37, as previously reported [21] , or 1 ng/ml of IL-1 ␤ in the presence or absence of pharmacological inhibitors for specific times, since it has previously been shown that FBS can induce COX-2 expression and PGE 2 production [22] .
RT-PCR
Total RNA was harvested according to the manufacturer's protocols, using an Illustra RNAspin Mini kit (GE Healthcare, Little Chalfont, UK). The RT-PCR protocol has been described previously [17] . Briefly, 3 g of total RNA were used for synthesis of complementary DNA (cDNA) by SuperScript TM first-strand cDNA system reagents (Fermentas, Hanover, Md., USA) and a primer pair specific for COX-1, COX-2, or GAPDH, as described in table 1 . The PCR amplification for COX-1 and COX-2 comprised 30 and 35 cycles, respectively, of an initial denaturation for 3 min at 94 ° C, followed by the cycles of amplification (94 ° C for 1 min, 55 ° C for 1 min, and 72 ° C for 2 min). The PCR amplification for GAPDH consisted of 20 cycles of denaturation at 95 ° C for 45 s, annealing at 60 ° C for 1 min, and extension at 72 ° C for 2 min. The PCR products were resolved on 1.5% agarose gel, and photographs were taken by a CCD (charge-coupled device) camera, attached to the ChemiDoc XRS gel documentation system (Bio-Rad Laboratories, Hercules, Calif., USA). The sizes of PCR products were as predicted when compared to a molecular weight DNA standard (Fermentas).
Real-Time PCR
Five percent (vol/vol) of cDNA was used for a real-time PCR assay using SensiFast TM SYBR No-ROX reagents (Bioline Reagent, Ltd., London, UK) and the Roche LightCycler 480 II instrument (Roche Diagnostics, Ltd., Rotkreuz, Switzerland) to calculate the ratio of COX-2 relative to GAPDH expression in each sample from four separate experiments. The relative COX-2 mRNA induction was determined by comparing the mean ratio of LL-37-treated cells compared with that of untreated control cells, which was set to 1. Moreover, the percentage of COX-2 inhibition in the inhibitor-or the neutralizing antibody-treated samples was determined from comparison with that in the LL-37-treated or the IL-1 ␤ -treated sample, which was set to 100%.
Nuclear Extraction
HGFs (about 5 ! 10 6 cells) were harvested with trypsin-EDTA and then centrifuged at 500 g for 10 min. Cells were washed with phosphate-buffered saline and transferred to a 1.5-ml microcentrifuge tube for centrifugation. The nuclear and cytoplasmic proteins were isolated by NE-PER nuclear and cytoplasmic extraction reagents (Thermo Scientific, Rockford, Ill., USA). Briefly, the cell pellet was supplemented with ice-cold cytoplasmic extraction reagents I and II, incubated on ice for 1 min, and then centrifuged at 16,000 g for 5 min. The cytoplasmic supernatant was transferred to a clean pre-chilled tube. The insoluble fraction or the nuclear pellet was solubilized in ice-cold nuclear extraction reagent by vigorously shaking for 15 s every 10 min for a total of 40 min, and centrifuged at 16,000 g for 10 min. The nuclear supernatant was immediately transferred to a clean pre-chilled tube on ice. Finally, 10 l of the nuclear and cytoplasmic extracts were used for immunoblotting.
Immunoblotting
Whole-cell lysates of control and treated HGFs were extracted in RIPA buffer [23] . Forty micrograms of cell lysates were resolved on 10% SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad Laboratories). The membranes were blocked, probed with primary antibody against COX-1, COX-2, GAPDH, and the phosphorylated or non-phosphorylated form of MAPK at 1: 500, and then incubated with horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) at 1: 2,000. Regarding the nuclear and cytoplasmic extracts, the membranes were probed with primary antibody against the p50 or the p65 subunit of NF-B at 1: 500. The LumiGLO Reserve chemiluminescence reagent (KPL, Gaithersburg, Md., USA) was used as a substrate, and the signal was captured with a CCD camera, attached to the ChemiDoc XRS system.
ELISA for PGE 2
Cell-free culture supernatants were collected and analyzed for PGE 2 levels with a commercially available enzyme-linked immunosorbent assay kit (R&D Systems, Inc.). In brief, 150 l of standard or samples and 50 l of primary antibody solution were added to each well. Subsequently, 50 l of PGE 2 conjugate was added and incubated for 2 h at room temperature. The well was then washed, and 200 l of substrate solution were added and incubated for 30 min under light protection. The reaction 75 was stopped, and the developing color was determined by optical density using the Titertek Multiskan M340 multiplate reader (ICN Flow, Costa Mesa, Calif., USA), set to 450 nm within 30 min.
Statistical Analyses
Any differences in the fold of COX-2 mRNA induction, in the increase in PGE 2 levels, and in the increase in the p65 or the p50 subunit of NF-B in the nuclear extract between untreated and treated samples were expressed as means 8 SD and tested by Student's t test at p ! 0.05 or p ! 0.01. In addition, any differences in the percentage of COX-2 mRNA inhibition and in the PGE 2 concentrations between the control or the inhibitor-treated sample and the LL-37-treated or the IL-1 ␤ -treated sample were expressed as means 8 SD and tested by one-way ANOVA at p ! 0.05 or p ! 0.01. COX-2 mRNA and protein upregulation by LL-37 treatment. HGFs were treated with the indicated concentrations (0-50 g/ml) of LL-37 for 12 h ( a-c ) or with 20 g/ml of LL-37 for various times (0-24 h; d-f ), and then total RNA and protein were extracted. Expression of mRNA for COX-1, COX-2, and GAPDH was analyzed by RT-PCR ( a , d ) and by real-time PCR ( b , e ) using a specific primer pair, and protein expression was assayed by immunoblotting ( c , f ) using antibodies specific to COX-1, COX-2, and GAPDH. The sizes of PCR products and proteins were as predicted, and the -RT sample was a negative control where the reverse transcriptase was omitted from the reverse transcription. The relative COX-2 mRNA induction ( b , e ) in LL-37-treated samples was expressed as mean 8 SD from 4 separate experiments ( * * p ! 0.01). The COX-2 mRNA expression in each sample was first normalized by GAPDH expression, and then the ratio of each experimental sample was compared to that of the control untreated sample, i.e., LL-37 at 0 g/ml ( b ) or at 0 h ( e ), which was set to 1. a , c , d , f Representative images are from 4 independent experiments.
Results

Upregulation of COX-2 Expression and PGE 2 Production by LL-37 in Dose-and Time-Dependent Manners
We have previously shown that LL-37 at concentrations ! 50 g/ml (approximately equivalent to 10 M ) did not significantly alter the percentage of cell survival when compared to control untreated HGFs [21] . Therefore, these concentrations were chosen for treating HGFs in this study. HGFs were treated with various doses (0-50 g/ml) of LL-37 for 24 h, or with 20 g/ml of LL-37 for various times (0-24 h). LL-37 significantly induced COX-2 mRNA expression in a dose-dependent manner at p ! 0.01 ( fig. 1 a, b, respectively) , consistent with upregulation of COX-2 protein by LL-37 in a dose-dependent manner ( fig. 1 c) . The time-course experiment showed that 20 g/ ml of LL-37 transiently induced COX-2 mRNA expression with a maximal induction observed at 6 h of treatment at p ! 0.01 ( fig. 1 d, e) . Likewise, expression of COX-2 protein was transiently induced, with a noticeably maximal increase at 12 h ( fig. 1 f) . Whereas COX-2 expression was upregulated by LL-37, COX-1 mRNA and protein expression remained unchanged upon LL-37 treatment ( fig. 1 a, c, d , f). Expression of GAPDH, a housekeeping gene control, was equal among the different samples ( fig. 1 a, c, d, f) .
Consistent with COX-2 mRNA and protein induction, LL-37 treatment significantly raised PGE 2 levels in cellfree culture supernatants collected from HGF samples in figure 1 (p ! 0.01; fig. 2 a, b) . Interestingly, the maximally elevated PGE 2 levels were observed in the HGF sample that was treated with 40 g/ml of LL-37 ( fig. 2 a) and with LL-37 treatment for 12 h ( fig. 2 b) , consistent with maximal COX-2 protein expression seen at 12 h in figure 1 f. In addition, PGE 2 levels raised by LL-37 resulted from COX-2 induction, since pretreatment of HGFs with NS-398 significantly blocked the elevation of PGE 2 levels by LL-37 (p ! 0.01) with the maximal inhibition seen at 1 M of NS-398 ( fig. 2 c) . Taken together, similar to the inducible effects of hBD-3 on COX-2 expression, resulting in elevated PGE 2 production in HGFs [17] , LL-37 can also upregulate both COX-2 expression and PGE 2 synthesis in HGFs. Furthermore, both hBD-3-and LL-37-challenged HGFs produce PGE 2 via de novo synthesis of COX-2. However, from the time-course experiment, some differences were noted between the inducible effects of hBD-3 and those of LL-37. Whereas hBD-3 cumulatively induces COX-2 expression and PGE 2 synthesis [17] , LL-37 does so transiently, suggesting different signaling pathways used to mediate COX-2 expression between hBD-3 and LL-37.
LL-37 Induces COX-2 Expression and PGE 2 Synthesis via the P2X 7 Purinergic Receptor
We have previously shown that IL-8 upregulation by LL-37 in HGFs is via the P2X 7 purinergic receptor, and among seven P2X purinergic receptors, the P2X 7 protein is the only P2X receptor expressed in HGFs [21] . Consequently, it was probable that the P2X 7 receptor might figure 1 were analyzed for the PGE 2 levels by ELISA. c HGFs were pretreated with the indicated doses of NS-398 for 30 min before treatment with 20 g/ml of LL-37 for 12 h. The cell-free conditioned media were collected and the PGE 2 levels were measured by ELISA from 4 independent experiments and expressed as mean 8 SD of PGE 2 concentrations (in ng/ml; * p ! 0.05, * * p ! 0.01). Upregulation of COX-2 expression and PGE 2 production by LL-37 via the P2X 7 purinergic receptor. HGFs were pretreated with various doses of NF279, suramin, the neutralizing antibody against the P2X 7 receptor (anti-P2X 7 ), the antibody to P2X 4 receptor (anti-P2X 4 ), or DMSO for 30 min prior to LL-37 treatment for 12 h. Total RNA was isolated and mRNA expression was analyzed by RT-PCR ( a ) and realtime PCR ( b ), and the cell-free conditioned media were collected and assayed for the PGE 2 levels by ELISA ( c ). a A representative image of RT-PCR is from four separate experiments. b The percentages of COX-2 mRNA expression normalized by GAPDH mRNA expression in inhibitor-treated or untreated samples were compared with the LL-37-treated sample, whose percentage was set to 100%, and shown as mean 8 SD ( * * p ! 0.01, n = 4). c The PGE 2 levels were measured from four independent experiments and expressed as mean 8 SD of PGE 2 concentrations (in ng/ml; * * p ! 0.01). function as a receptor for LL-37 in mediating the proinflammatory effect. HGFs were pretreated with various doses of suramin, a broad-spectrum antagonist of P2 purinergic receptor [24] , of NF279, a selective P2X inhibitor [25] , of the neutralizing antibody against P2X 7 receptor, of DMSO, a solvent control, or of the antibody to P2X 4 receptor for 30 min before LL-37 treatment for 12 h. Pretreatment with suramin, NF279, and the neutralizing antibody significantly blocked COX-2 mRNA induction in a dose-dependent manner (p ! 0.01; fig. 3 a, b) , while COX-1 mRNA expression was unaffected ( fig. 3 a) . Accordingly, the increased PGE 2 production in cell-free culture supernatants by LL-37 was significantly inhibited by suramin, NF279, and the neutralizing antibody against the P2X 7 receptor (anti-P2X 7 ) at p ! 0.01 ( fig. 3 c) . In contrast, pretreatment with DMSO or the antibody to P2X 4 receptor did not inhibit COX-2 and PGE 2 induction by LL-37 ( fig. 3 ). 6 . Induction of COX-2 expression and PGE 2 levels by LL-37 via ERK and JNK MAPK. HGFs were pretreated with an indicated dose of SB203580, SP600125, U0126, MG132, or DMSO for 30 min prior to treatment with 20 g/ml of LL-37 ( a-c ) or with 1 ng/ ml of IL-1 ␤ ( d-f ) for 12 h. Total RNA was isolated and the degrees of COX-2 expression relative to those of GAPDH expression were analyzed by real-time PCR ( a , d ), and total protein was extracted and analyzed for COX-1, COX-2, and GAPDH expression by immunoblotting ( b , e ). Note: COX-1 protein expression was unaffected by treatment with either stimulants or inhibitors. The cellfree conditioned media were collected and analyzed for PGE 2 concentrations by ELISA ( c , f ). The percentages of COX-2 mRNA expression ( a , d ) in inhibitor-treated and control samples were determined by comparison with that of the LL-37-or the IL-1 ␤ -treated sample that was set to 100%. The percentages of COX-2 expression ( a , d ) and the PGE 2 concentrations (in ng/ml; c , f ) were determined from 4 separate experiments and expressed as mean 8 SD ( * p ! 0.05; * * p ! 0.01). b , e Representative images are from four independent experiments.
LL-37 Treatment Does Not Significantly Cause Nuclear Translocation of the p50 and p65 Subunits of NF-B, but Phosphorylates ERK and p46 JNK MAPK Pathways
To address the possible signaling pathways for LL-37, we first investigated the activation of NF-B and MAPK pathways, two major signaling pathways that are important in immune responses, by LL-37 treatment in comparison to IL-1 ␤ treatment. The nuclear and cytosolic extracts of HGFs were subjected to immunoblotting to determine the presence of the p50 and p65 subunits of NF-B in the extracts. It was demonstrated that the levels of both p65 and p50 subunits of NF-B were not significantly increased in the nuclear extract of HGFs treated with 20 g/ml of LL-37 compared with the control untreated HGFs ( fig. 4 ) , suggesting that COX-2 and PGE 2 induction by LL-37 does not mediate through NF-B. As a positive control, treatment with 1 ng/ml of IL-1 ␤ resulted in a significant increase in both p50 and p65 subunits of NF-B at 1 and 3 h (p ! 0.05 or p ! 0.01; fig. 4 ). Note that the levels of the p50 and p65 subunits of NF-B in the cytosolic extracts were approximately equal among the different samples ( fig. 4 ) .
To further explore the involvement of MAPK activation by phosphorylation, HGFs were treated with 20 g/ ml of LL-37 or 1 ng/ml of IL-1 ␤ for various times (0-180 min), and the whole-cell lysates were subjected to immunoblotting. It was demonstrated that LL-37 treatment transiently phosphorylated p44 and p42 ERK and p46 JNK MAPK ( fig. 5 ), whereas IL-1 ␤ treatment resulted in transient phosphorylation of all three MAPK pathways ( fig. 5 ) . Note that the levels of the non-phosphorylated form of all three MAPK pathways were equal among the samples ( fig. 5 ).
Upregulation of COX-2 Expression and PGE 2 Levels by LL-37 via ERK and JNK MAPK
To next explore the involvement of each signaling pathway in the induction of COX-2 expression and PGE 2 levels, HGFs were pretreated with specific inhibitors against each pathway or DMSO for 30 min prior to treatment with 20 g/ml of LL-37 or 1 ng/ml of IL-1 ␤ for 12 h. Upregulation of COX-2 mRNA and protein expression and PGE 2 production by LL-37 treatment were significantly abolished (p ! 0.05 and p ! 0.01, respectively) by SP600125, a specific JNK inhibitor, and U0126, a specific inhibitor of MEK1/2 that acts upstream of the ERK pathway ( fig. 6 a-c) . However, pretreatment with SB203580 or MG132 did not inhibit COX-2 mRNA and protein induction or PGE 2 production by LL-37 ( fig. 6 ac) , suggesting that neither p38 MAPK nor NF-B is involved in COX-2 induction and PGE 2 production by LL-37. In contrast, IL-1 ␤ induced COX-2 expression, leading to elevated PGE 2 synthesis, via the phosphorylation of p38, ERK, and p54/46 JNK MAPK, and the activation of both p50 and p65 subunits of NF-B, because COX-2 mRNA and protein induction and PGE 2 synthesis were significantly inhibited by pretreatment with SB203580, U0126, SP600125, and MG132 at p ! 0.01 ( fig. 6 d-f) . In contrast, pretreatment with DMSO did not inhibit COX-2 and PGE 2 induction by either LL-37 or IL-1 ␤ treatment ( fig. 6 ). Taken together, LL-37 upregulates COX-2 expression, resulting in increased PGE 2 production, via the ERK and p46 JNK MAPK pathways, whereas IL-1 ␤ does so via all three MAPKs and the NF-B pathway.
Discussion
CAPs are observed both at epithelial surfaces and within the granules of phagocytic cells. They are an important component of the innate immune system, since in addition to their ability to kill microorganisms, they are able to modulate inflammatory responses. In the present study, we showed that LL-37 upregulated the inflammatory mediators in arachidonic acid metabolism, particularly COX-2 induction and PGE 2 synthesis in HGFs. Our findings identify an additional function and a role of LL-37 in the modulation of mucosal immunity in the oral cavity, since both COX-2 and PGE 2 play an important role in the pathogenesis of periodontal disease [14] . Similarly to IL-1 ␤ -induced PGE 2 formation, which is mediated by enhanced COX-2 gene expression in gingival fibroblasts [15] , PGE 2 levels were also raised by LL-37 via the specificity of COX-2 activation, consistent with our previous result showing that elevated PGE 2 levels by hBD-3 treatment result from induced COX-2 expression [17] . The inducible effect of LL-37 on COX-2 expression and PGE 2 production in HGFs is relevant to the increased activity of phospholipase A 2 , an upstream molecule involved in arachidonic acid metabolism, induced by LL-37 in mouse submandibular acinar cells [26] .
The fact that COX-1 mRNA levels were not affected by treatment with LL-37, and the fact that the selective COX-2 inhibitor, NS-398, completely blocked the synthesis of PGE 2 by LL-37 in figure 2 c further suggest that COX-2, rather than COX-1, is involved in the elevated PGE 2 production by LL-37. Moreover, because of the clinical observations that the concentrations of LL-37 are raised to the low g/ml levels in the GCF of patients with chronic peri-odontitis [9] , which are in the same range of LL-37 concentrations used to treat HGFs in this study, and that the levels of PGE 2 are elevated in the GCF of patients with periodontitis [27] , it is likely that elevated levels of LL-37 in the GCF of patients with chronic periodontitis may further enhance the production of PGE 2 from gingival fibroblasts, causing greater inflammation in periodontitis. This warrants further investigation.
In HGFs, LL-37 activated COX-2 expression and PGE 2 production via the ERK and p46 JNK signaling pathways, a finding which is in agreement with the role of ERK activation in COX-2 and PGE 2 induction by LL-37 treatment in human dermal fibroblasts [28] . Moreover, it has been shown in several other cell types, including human corneal epithelial cells, human dermal fibroblasts, human mast cells, and glial cells, that treatment with LL-37 or its ortholog in rats, i.e. rCRAMP, results in the activation of the ERK pathway [29] [30] [31] . However, some slight differences in terms of involvement of other MAPK pathways than the ERK pathway are still noted in each individual cell type, suggesting cell type specificity. It has recently been reported that LL-37 induces IL-6 expression in human bronchial epithelial cells via activation of the NF-B pathway [32] . However, we showed that this pathway was not involved in COX-2 induction and PGE 2 production in HGFs. Our work has instead demonstrated that LL-37 induces COX-2 expression and PGE 2 synthesis in HGFs via ERK and JNK activation. By contrast, IL-1 ␤ , a potent pro-inflammatory cytokine, induces COX-2 and PGE 2 not only via all three MAPK pathways, including p38, ERK, and JNK, but also via activation of the p50 and p65 subunits of NF-B, consistent with the result from a recent study [33] , which shows that induction of COX-2 and PGE 2 by another pro-inflammatory cytokine, i.e. tumor necrosis factor-␣ , is found to be involved in both MAPK and NF-B signaling pathways in gingival fibroblasts. Taken together, the underlying signaling mechanisms involved in the induction of gene expression in each individual study can vary, but are specific, depending upon the distinct types of cells, stimulants, and genes of interest.
LL-37 can enter cells using pathways typical of cellpenetrating peptides involving the cell cytoskeletal machinery [34] and then interacts with GAPDH through p38 MAPK signaling [35] . In addition, LL-37 has been reported to be directly chemotactic for human neutrophils, monocytes, and T cells through formyl peptide receptor-like 1, a G i protein-coupled receptor [36] , and to activate keratinocyte migration via transactivation of the epidermal growth factor receptor by phosphorylation of ERK MAPK [37] . LL-37 has also been found to induce IL-8 production through phosphorylation of ERK1/2 via the P2X 7 receptor in HGFs [21] , submandibular gland cells [26] , and human embryonic kidney 293 cells [38] . Accordingly, it is possible that LL-37 may either interact with its cognate receptors or internalize into the cells, or both, to upregulate COX-2 expression and PGE 2 production in HGFs. In this study, we, however, showed that the P2X 7 purinergic receptor was involved in COX-2 induction and PGE 2 production mediated by LL-37 in HGFs. Therefore, it is probable that the inducible effect of LL-37 on pro-inflammatory genes is commonly mediated via the P2X 7 receptor.
The dose of LL-37 used in this study (20 g/ml or ϳ 4 M ) is shown to be non-toxic to several human cell types tested to date [21, 24, 39] . In fact, general toxicity of LL-37 to eukaryotic cells is reported at concentrations 1 13 M [40] . However, we cannot exclude that LL-37 may possibly increase ATP levels in cell-free culture supernatants that will result in P2X 7 receptor activation. Therefore, the effect of LL-37 may be indirect rather than direct on the P2X 7 receptor, and this needs to be further investigated. In this study, the levels of PGE 2 production by induced COX-2 expression were not only enhanced by IL-1 ␤ but also by a neutrophil-and epithelial-derived antimicrobial peptide, LL-37, in HGFs in a paracrine fashion. HGFs are the major cell type found in periodontal connective tissues that can provide a tissue framework for tooth anchorage. They also induce the production of various types of inflammatory mediators to promote periodontal disease development and progression. LL-37 can thus exert an inductive effect on arachidonic acid metabolism and IL-8 expression [21] in HGFs that may enhance the innate immune responses of periodontal tissues. In summary, the cationic antimicrobial peptide LL-37 is involved in the induction of COX-2 and PGE 2 via the P2X 7 purinergic receptor, ERK and p46 JNK MAPK, and LL-37 can be considered one of the pro-inflammatory mediators in the regulation of prostanoid formation in addition to an antimicrobial peptide.
